Introduction {#sec1}
============

Nutrition is needed for growth including development of the brain ([@bib1]), and studies have reported an association between growth of the fetus, indicated by birth size, and cognitive abilities in childhood ([@bib2]), young adulthood, and in midlife ([@bib3], [@bib4]). Being born with low birth weight or preterm has been associated with lower intelligence quotient (IQ) in childhood ([@bib5], [@bib6]). For these children and children born small for gestational age, a postnatal catch-up growth in weight, length, and head circumference seems important to limit the reduction in cognitive ability ([@bib7]). The influence of birth size as well as growth in infancy and childhood on IQ in healthy children born at term is less established and findings are in conflict. Some researchers examined only a specific segment of growth, for example, birth size or neonatal growth, and found a positive association that can attenuate in later childhood ([@bib13]). Others examined birth size as well as postnatal growth throughout childhood; of these, some observed a positive association of all periods ([@bib17]), others only for infancy growth ([@bib19], [@bib20]), and some observed no association ([@bib21]). To understand the relative importance of both prenatal and postnatal growth, statistical analyses that consider the potential colinearity between included growth measures are needed. Some studies have used conditional analyses to account for previous growth measures ([@bib17], [@bib19], [@bib20]). However, path analysis is a method to further disentangle direct from indirect effects of growth at different time points and can thus give a more varied insight into the associations of birth size, and infancy and childhood growth on IQ in childhood ([@bib22]). Thus, the aim of the present study was to investigate how birth size and growth in infancy and childhood are associated with childhood IQ at age 5 y in children born at term. Furthermore, we aimed to distinguish between direct associations of birth size and infancy growth and indirect associations mediated through infancy and childhood growth.

Methods {#sec2}
=======

Danish National Birth Cohort {#sec2-1}
----------------------------

This study was based on data from the Lifestyle During Pregnancy Study (LDPS) nested within the Danish National Birth Cohort (DNBC), which has been described in detail elsewhere ([@bib23], [@bib24]). Briefly, 91,381 women and their 100,413 pregnancies were included in the DNBC between 1996 and 2002. Women were recruited at their first antenatal visit to their general practitioner (GP); they were eligible if they planned to carry their pregnancy to term and spoke Danish well enough to take part in a personal interview. All women enrolled agreed to participate in 4 telephone interviews carried out approximately at weeks 16 and 31 of gestation and 6 and 18 mo postpartum. An FFQ was filled out at approximately week 26 of gestation, covering the previous month\'s dietary intake. The LDPS is a follow-up study of a subsample of the cohort, conducted between 2003 and 2006 when the children turned 5 y of age. The LDPS focused on prenatal lifestyle factors (primarily maternal alcohol exposure) and later neurodevelopment of the child, and the sampling was stratified on alcohol exposure. Exclusion criteria were mother\'s or child\'s inability to speak Danish, impaired hearing or vision of the child to the extent that a planned test session could not be performed, being a twin, or diagnosed with congenital disease prone to cause mental impairment (e.g., trisomy 21). A total of 3478 women were invited to participate in the LDPS. Of those invited, 1782 (51.0%) participated in a comprehensive follow-up assessment ([@bib24], [@bib25]). Further, when the child turned 7 y, a follow-up questionnaire was sent to all parents in the DNBC collecting information on current early childhood health ([@bib26]).

The DNBC was approved by the Scientific Ethics Committee in Denmark and the Danish Data Protection Agency, and the latter also approved the present substudy. All the participants in the DNBC provided written informed consent.

Growth measures {#sec2-2}
---------------

Birth weight, length, and head circumference measures were obtained from the Medical Birth Registry (MBR) covering all births in Denmark. All these measures were carried out by midwives before leaving the delivery room. At the second postpartum interview, ∼18 mo after birth, the mothers reported the child\'s weight, length, and head circumference measured at routine check-ups by their GP when the child turned 5 mo and 12 mo old as well as the exact dates of the measurements. The GPs followed national standards for measuring weight and length. Length was measured in a supine position to the nearest half centimeter, and weight was measured with 1 decimal place on a validated scale. The GP reported this information in the child\'s personal book, a health record kept by the parents and used to communicate between them, health professionals visiting the family at home, and the GP. At the 5-y LDPS follow-up, the research staff measured growth parameters of the child (head circumference, height, and weight) once, with the children wearing no shoes and light clothes. To increase comparability with other populations, we used the UK-WHO growth reference to calculate standardized sex- and age-specific *z*-scores for weight, length, and head circumference ([@bib27]). To limit the variation in the time of the measurement for each fixed time point (5 and 12 mo), measurements performed before 3 mo or later than 7 mo for the 5-mo measurement were set to missing; similarly, measurements performed before 9 mo or later than 15 mo for the 12-mo measurements were regarded as missing. This was the case for only 1--1.5% of the measurements at each time point. We defined growth from birth to 5 mo as early infancy, growth from 5 to 12 mo as late infancy, and growth from 12 mo to 5 y as childhood.

Outcome {#sec2-3}
-------

Cognitive function as estimated by IQ was assessed as part of a 3-h neuropsychological assessment conducted by 10 trained psychologists following standardized test procedures ([@bib24]) using the Wechsler Primary and Preschool Scales of Intelligence--Revised (WPPSI-R) ([@bib28]). The full WPPSI-R comprises 5 verbal and 5 performance (nonverbal) subtests. To reduce the length of the test session, 3 verbal (arithmetic, information, and vocabulary) and 3 performance subtests (block design, geometric design, and object assembly) were used. Standard procedures were used to prorate full-scale IQ from this shortened form of the test when ≥2 verbal and ≥2 performance subtests were available. A Dutch study in children aged 4--7 y has shown high correlation between short forms of the WPPSI-III test and the original full version ([@bib29]). No Danish WPPSI-R norms were available at the time of the study, and consequently Swedish norms were used to derive scaled scores and IQs ([@bib30]). Thus, in this sample the theoretical designed IQ distribution of a mean of 100 and an SD of 15 is not expected and was not seen.

Covariates {#sec2-4}
----------

Potential covariates were chosen a priori based on the existing literature and path diagram of the path model. Included covariates are presented in **[Supplemental Figure 1](#sup1){ref-type="supplementary-material"}**. From the MBR, we obtained information on gender, maternal age at conception, birth order, and gestational age at birth. Information on socio-occupational status, maternal prepregnancy BMI as well as leisure-time exercise came from the first pregnancy interview. Socio-occupational status was categorized as high (≥4 y of education after high school, or job as manager), middle (skilled manual work, office, or service work), or low (unskilled work or unemployment) ([@bib31]). Prepregnancy BMI (kg/m^2^) was estimated based on self-reported weight and height, and exercise in pregnancy was categorized as no exercise, 1--180 min/wk, or \>180 min/wk. The FFQ information was used to characterize Western, intermediate, or health-conscious dietary patterns during pregnancy ([@bib32]). Smoking status during pregnancy was obtained from the first pregnancy interview and the first postpartum interview, which provided information on smoking status during the last part of the pregnancy. Smoking during pregnancy was categorized as nonsmoking, smoking cessation at any time point, or smoking. Smoking status postpartum was obtained from the first postpartum interview and categorized as nonsmoking or smoking. The first postpartum interview also provided information on age when solid food was introduced, and divided into \<4.0 mo, 4.0--5.0 mo, or \>5.0 mo of age. In Denmark it is recommended to introduce solid food after the age of 4 mo and no later than the age of 6 mo; this 2-mo period we divided into 2 categories. Duration of any breastfeeding was obtained from both postpartum interviews and based on the age of the child when the mother stopped breastfeeding. It was divided into \<20, 20--40, and \>40 wk according to the 25th and 75th percentiles. In the second postpartum interview (18 mo postpartum), the mother gave information about the father\'s weight and height and we estimated his BMI. From the 5-y LDPS follow-up we obtained information on maternal IQ, which was based on the mean of 2 verbal subtests (information and vocabulary) from the Wechsler Adult Intelligence Scale ([@bib33]) and Raven\'s Standard Progressive Matrices ([@bib34]). Raw scores of each test were standardized based on the results from the full sample and weighted equally in a combined score which was restandardized to an IQ scale with a mean of 100 and an SD of 15. Finally, information on when the child started daycare was obtained from the 7-y follow-up study and divided into \<8.0 mo, 8.0--14.0 mo, and \>14.0 mo of age.

Study population {#sec2-5}
----------------

Of the 1782 children who participated in the neuropsychological assessments, the full IQ score was available for 1771 of the children; 97% of these were born at term, thus the study population encompassed 1719 children ([**Figure 1**](#fig1){ref-type="fig"}). There were no substantial differences between the participants and nonparticipants in the LDPS with regard to maternal age, parity, BMI, marital status, child sex, birthweight, or gestational age at birth ([@bib35]). Children born small for gestational age or with low birth weight (\<2500 g) (*n* = 8) were kept in the study population to examine the whole birth size distribution in children born at term.

![Flowchart of the study population. LDPS, Lifestyle During Pregnancy Study; IQ, intelligence quotient.](nqaa051fig1){#fig1}

Statistical analyses {#sec2-6}
--------------------

The distribution of offspring, maternal, and paternal characteristics was estimated as counts and proportions or means with SDs. To investigate the association between birth size and growth from birth to 5 y of age (measured as sex- and age-standardized *z*-scores of weight, length/height, and head circumference) and IQ, we used path analysis, a subset of structural equation modeling. Path analysis is an extension of regression analysis that simultaneously estimates the linear associations between all path variables and makes it possible to assess the total, direct, and indirect effects of each path variable ([@bib22], [@bib36]). The word "effect" is standard terminology for path analysis, but here it reflects a statistical association and not necessarily a causal effect. All growth measures were adjusted for preceding growth measures, and in the present study, the direct effect of a variable is the part of its effect not mediated through available intermediate growth measures, whereas the indirect effect is the effect mediated through these variables. The total effect is the sum of the direct and indirect effect. Per definition, the associations for the last growth measure will all be direct. Because all growth measures were conditioned on previous growth measures, the interpretation of, for example, 1 *z*-score higher weight-for-age at 12 mo will be a greater gain in weight from 5 to 12 mo resulting in 1 *z*-score higher weight-for-age at 12 mo.

Although some participants had missing information on some variables, they were all included in the analyses and contributed with all available information by using the estimation by maximum likelihood with missing values method ([@bib37]). This modeling relies on the assumption that missing data are missing at random, conditional on the available data, and is expected to produce less bias than complete-case analysis ([@bib38]). The residuals from the path analysis regressions were graphically examined for approximate consistency with the normal distribution assumptions and no strong violation was observed (**[Supplemental Figure 2](#sup1){ref-type="supplementary-material"}**).

All statistical analyses were weighted by sampling fractions because higher alcohol categories were oversampled in the LDPS. Furthermore, in model A, we adjusted for the following covariates at relevant regressions in our path analysis (see [Supplemental Figure 1](#sup1){ref-type="supplementary-material"}): sex, birth order, gestational age and maternal age, socio-occupational status, prepregnancy BMI, smoking, exercise, dietary intake during pregnancy, postpartum smoking, age when the child started in daycare, duration of any breastfeeding, time of introduction to solid food, paternal BMI 18 mo postpartum, and maternal IQ. In model B, we further adjusted the analyses of weight-for-length/height at the same point in time and at previous time points because greater weight for a given length/height could be a proxy of adiposity. Similarly, the analyses of length/height were adjusted for weight and analyses of head circumference were adjusted for weight and length/height. This was done because each measure might be an indicator of different underlying growth processes. We also performed analyses adjusted only for sex and gestational age, which are presented in **[Supplemental Table 1](#sup1){ref-type="supplementary-material"}**.

Finally, we generated restricted cubic splines (5 knots at the 5, 27.5, 50, 72.5, and 95 percentiles recommended for restricted cubic splines) to describe any significant associations between growth and childhood IQ in more detail by allowing a nonlinear association. In contrast to the path analyses, these analyses do not cope with missing data and multiple imputation was therefore used. Fifty copies of the dataset were generated, each of which had its missing values imputed by chained equations ([@bib39], [@bib40]). Variables with complete data (sex, birth order, gestational age, maternal age, IQ, and the sampling fraction weight) were included as additional explanatory variables in the imputation step. The splines are presented for a child with study population--specific reference values for categorical variables (marked in [**Table1**](#tbl1){ref-type="table"} with superscript 1) and means for continuous variables (maternal age, BMI, IQ, paternal BMI, gestational age).

###### 

Characteristics of the study population

                                                      *n* = 1719             
  --------------------------------------------------- ------------ --------- -----
  Maternal characteristics                                                   
   Maternal socio-occupational status                                        6
    High^[1](#tb1fn1){ref-type="table-fn"}^           1041         61        
    Middle                                            542          32        
    Low                                               130          8         
   Maternal age at conception, y                      30.09        ±4.41     0
   Maternal prepregnancy BMI, kg/m^2^                                        33
    \<18.5                                            59           3         
    18.5--24.99                                       1192         71        
    25--29.99                                         315          19        
    ≥30                                               120          7         
   Smoking during pregnancy                                                  283
    Nonsmoking^[1](#tb1fn1){ref-type="table-fn"}^     969          67        
    Smoking cessation                                 225          16        
    Smoking                                           242          17        
   Leisure-time exercise during pregnancy, min/wk                             5
    None^[1](#tb1fn1){ref-type="table-fn"}^           1015         59        
    1--180                                            547          32        
    \>180                                             152          9         
   Dietary intake                                                            350
    Western                                           248          18        
    Intermediate^[1](#tb1fn1){ref-type="table-fn"}^   892          65        
    Health-conscious                                  229          17        
   Alcohol intake during pregnancy, units/wk                                 0
    0                                                 817          48        
    \>0--1                                            421          24        
    \>1                                               481          28        
   Smoking in the first 6 mo postpartum                                      283
    Nonsmoking^[1](#tb1fn1){ref-type="table-fn"}^     1108         77        
    Smoking                                           328          23        
   Maternal IQ, points                                                       2
    \<90                                              408          24        
    90--110                                           873          51        
    \>110                                             436          25        
  Paternal characteristics                                                   
   Paternal BMI at 18 mo postpartum, kg/m^2^                                 395
    \<18.5                                            6            0         
    18.5--24.99                                       720          54        
    25--29.99                                         509          38        
    ≥30                                               89           7         
  Offspring characteristics                                                  
   Sex                                                                       0
    Boys^[1](#tb1fn1){ref-type="table-fn"}^           888          52        
    Girls                                             831          48        
   Gestational age, d                                 281.4        ±8.8      0
   Birthweight, g                                     3630.65      ±486.09   12
   Length at birth, cm                                52.49        ±2.15     19
   Head circumference at birth, cm                    35.38        ±1.58     41
   Birth order                                                               0
    First^[1](#tb1fn1){ref-type="table-fn"}^          887          52        
    Second                                            545          32        
    Third or more                                     287          17        
   Total breastfeeding duration, wk                                          385
    \<20                                              334          25        
    20--40^[1](#tb1fn1){ref-type="table-fn"}^         602          45        
    \>40                                              398          30        
   Age when introduced to solid food, mo                                     284
    \<4.0                                             103          7         
    4.0--5.0^[1](#tb1fn1){ref-type="table-fn"}^       1089         76        
    \>5.0                                             243          17        
   Age when daycare started, mo                                              469
    \<8.0                                             290          23        
    8.0--14.0^[1](#tb1fn1){ref-type="table-fn"}^      733          59        
    \>14.0                                            227          18        

Indicates the reference groups used in the restricted cubic splines in [Figure 2](#fig2){ref-type="fig"}. For maternal age, BMI, IQ, paternal BMI, and gestational age the average value was used as the reference. IQ, intelligence quotient.

All statistical analyses were performed by using Stata/SE 15 (StataCorp).

Results {#sec3}
=======

[Table 1](#tbl1){ref-type="table"} presents characteristics of the study population (*n* = 1719). The average maternal age at conception was 30 y, most of the mothers had above average socio-occupational status, and few of the mothers and fathers were obese before pregnancy. Of the children, 52% were boys and 52% were firstborns. Average birth weight was 3630 ± 486 g, length was 52.5 ± 2.2 cm, and head circumference was 35.4 ± 1.6 cm. Seventy-five percent of participants were breastfed fully or partially for \>20 wk, and 75% of participants were introduced to solid food at the age of 4--5 mo.

The average IQ score for boys was 103.8 ± 13.4, and for girls 107.7 ± 11.8. Total, indirect, and direct effects of weight-for-age, height-for-age, and head-circumference-for-age *z*-scores on IQ at the age of 5 y are presented in [**Table 2**](#tbl2){ref-type="table"}. Estimates were only slightly attenuated when going from model A to model B, which was further adjusted for other growth measures (weight adjusted for length/height, length/height adjusted for weight, and head circumference adjusted for weight plus length/height). Estimates from model B are presented below.

###### 

Regression coefficients (95% CI) of IQ at 5 y of age according to birth size and growth in infancy and childhood among 1719 term-born children^[1](#tb2fn1){ref-type="table-fn"}^

                                         Total   Indirect        Direct   Percentage of total           Total           Indirect        Direct   Percentage of total                                                                   
  -------------------------------------- ------- --------------- -------- --------------------- ------- --------------- --------------- -------- --------------------- --------------- ------- --------------- ------- --------------- ------
  Weight-for-age *z*-score                                                                                                                                                                                                             
   WAZ birth                             1.41    (0.71, 2.11)    0.36     (0.01, 0.71)          1.06    (0.29, 1.82)    74.6                     1.22                  (0.50, 1.94)    0.14    (−0.05, 0.33)   1.08    (0.32, 1.84)    88.2
   WAZ 5 mo                              0.74    (0.03, 1.46)    1.15     (0.24, 2.07)          −0.41   (−1.55, 0.74)   26.3                     0.59                  (−0.16, 1.34)   0.95    (0.08, 1.82)    −0.36   (−1.52, 0.80)   27.4
   WAZ 12 mo                             1.61    (0.34, 2.89)    −0.20    (−0.85, 0.45)         1.82    (0.23, 3.40)    90.1                     1.53                  (0.14, 2.92)    −0.04   (−0.38, 0.29)   1.57    (0.01, 3.13)    97.4
   WAZ 5 y                               −0.30   (−1.28, 0.68)            NA                            −0.30           (−1.28, 0.68)            −0.12                 (−1.07, 0.83)           NA              −0.12   (−1.07, 0.83)   
  Height-for-age *z*-score                                                                                                                                                                                                             
   HAZ birth                             0.72    (0.07, 1.38)    0.32     (−0.05, 0.70)         0.40    (−0.32, 1.12)   55.6                     0.52                  (−0.15, 1.19)   0.17    (−0.08, 0.42)   0.35    (−0.36, 1.07)   68.1
   HAZ 5 mo                              0.55    (−0.08, 1.19)   0.23     (−0.23, 0.70)         0.33    (−0.42, 1.08)   58.9                     0.44                  (−0.22, 1.10)   0.04    (−0.33, 0.40)   0.40    (−0.36, 1.16)   91.5
   HAZ 12 mo                             0.35    (−0.36, 1.07)   0.46     (0.06, 0.85)          −0.10   (−0.94, 0.75)   17.9                     0.08                  (−0.69, 0.84)   0.23    (0.04, 0.43)    −0.15   (−1.00, 0.69)   39.8
   HAZ 5 y                               0.97    (0.14, 1.80)             NA                    0.97    (0.14, 1.80)                             0.98                  (0.17, 1.79)            NA              0.98    (0.17, 1.79)    
  Head-circumference-for-age *z*-score                                                                                                                                                                                                 
   HCAZ birth                            0.52    (0.02, 1.02)    0.11     (−0.29, 0.51)         0.41    (−0.18, 1.00)   78.8                     0.41                  (−0.09, 0.91)   0.08    (−0.25, 0.40)   0.33    (−0.25, 0.91)   81.0
   HCAZ 5 mo                             0.23    (−0.65, 1.12)   1.36     (0.15, 2.57)          −1.13   (−2.74, 0.48)   45.4                     0.22                  (−0.69, 1.13)   1.18    (−0.03, 2.39)   −0.97   (−2.61, 0.68)   45.0
   HCAZ 12 mo                            1.87    (0.21, 3.53)    1.75     (0.74, 2.76)          0.12    (−2.06, 2.29)   6.4                      1.73                  (−0.05, 3.50)   1.39    (0.50, 2.27)    0.34    (−1.91, 2.59)   19.8
   HCAZ 5 y                              2.36    (1.02, 3.71)             NA                    2.36    (1.02, 3.71)                             2.09                  (0.78, 3.41)            NA              2.09    (0.78, 3.41)    

In the path model all growth measures were added to the model separately, but because they are conditioned on previous growth measures, a greater WAZ at 12 mo, for example, should be interpreted as greater gain in WAZ from 5 to 12 mo. HAZ, length/height-for-age *z*-score; HCAZ, head-circumference-for-age *z*-score; IQ, intelligence quotient; WAZ: weight-for-age *z*-score.

Adjusted for sex, gestational age, socio-occupational status, birth order, maternal age, maternal prepregnancy BMI; and during pregnancy, smoking, exercise, and dietary intake; and postpartum, smoking, age when started in daycare, duration of any breastfeeding, time of introduction to solid food, paternal BMI 18 mo postpartum, and maternal IQ.

Adjusted for all model A factors plus height-for-age at each time point for the analyses of weight-for-age, weight-for-age at each time point for the analyses of height-for-age, and weight-for-age and height-for-age at each time point for the analyses of head-circumference-for-age.

We observed that greater weight at birth was associated with higher IQ in childhood; per *z*-score increase, the IQ score increased by 1.22 (95% CI: 0.50, 1.94) points. Also, length and head circumference at birth were positively but nonsignificantly associated with IQ in childhood. The effects of all 3 growth measures on IQ were mainly direct (68--88% of the effect was direct), suggesting an association of birth size not mediated through later growth.

Increasing weight gain in early infancy was indirectly associated with higher IQ, thus mediated through greater weight at 12 mo. Also, weight gain in late infancy was positively associated with IQ; however, this association was direct. This means that it was not mediated through a subsequent greater weight at 5 y. In contrast, gain in length and head circumference in late infancy were mainly observed to be indirectly associated with IQ, meaning that the positive effects were mediated through a greater height and head circumference at 5 y.

For growth in childhood, we observed that increased growth in height and growth in head circumference were associated with a higher IQ. Thus, per *z*-score increase in height and head circumference at 5 y, the IQ was 0.98 (95% CI: 0.17, 1.79) and 2.09 (95% CI: 0.78, 3.41) points higher, respectively. This supported the previously mentioned indirect effect of length and head circumference in late infancy mediated through greater height and head circumference in childhood. In contrast, greater weight gain in childhood from 12 mo to 5 y seemed not to be associated with higher IQ in childhood. Instead, the estimate indicated a weak negative association with IQ \[−0.12 (95% CI: −1.07, 0.83)\].

Restricted cubic splines ([**Figure 2**](#fig2){ref-type="fig"}) showed a positive association of birth weight, and there seemed to be no threshold, thus increasing birth weight was associated with greater IQ throughout the birth weight range. However, the positive association between greater weight in late infancy at 12 mo and IQ seemed to level off around 1.5 *z*-scores. Similarly, the positive association between greater height and head circumference at 5 y and IQ, adjusted for previous growth measurements, also leveled off around 1 to 1.5 *z*-scores.

![Restricted cubic splines of growth measures and IQ at 5 y of age. Adjusted for sex, socio-occupational status, birth order, gestational age, maternal age, maternal prepregnancy BMI, smoking, exercise and dietary intake during pregnancy, postpartum smoking, age when started in daycare, duration of any breastfeeding, time of introduction to solid food, paternal BMI 18 mo postpartum, maternal IQ, and the analyses of weight were further adjusted for length, and the analyses of height were further adjusted for weight, and finally the analyses of head circumference were further adjusted for weight and length. The splines are presented for a reference child using mean values and reference categories on covariates, see [Table 1](#tbl1){ref-type="table"}. IQ, intelligence quotient.](nqaa051fig2){#fig2}

Discussion {#sec4}
==========

In children born at term in a high-income country, we observed that both prenatal and postnatal growth were associated with positive increments in childhood IQ. Greater size at birth, especially birth weight, was positively related to IQ, independent of later growth. Also, growth in infancy, especially weight gain and growth in head circumference from 5 to 12 mo of age, were positively associated with IQ. In the childhood period, after adjusting for previous growth, we found both greater gain in height and in head circumference between 12 mo and 5 y to be positively related to IQ, whereas greater weight gain in the same period seemed not to be associated with IQ.

Others have observed a positive association between birth weight and childhood IQ ([@bib17], [@bib18]), and 1 study, which also used structural equation modeling, found that the potential effect of birth weight was mainly direct ([@bib41]). Results from previous studies on the influence of weight gain in childhood do not agree. Some observed that weight gain until 4--7 y of age was positively associated with childhood IQ ([@bib17], [@bib18]), others observed no influence of weight gain beyond 1 y of age ([@bib20]), and some observed a small negative effect of weight gain from birth throughout the first 10 y of life ([@bib41]). None of these studies tried to separate weight gain from length/height as we did. Greater weight for a given length/height might be a proxy of adiposity/increasing fat mass. In a recent study, researchers found that gain in weight-for-height from 1 to 2 y postpartum was possibly negatively associated with IQ at 5--8 y ([@bib42]), indicating that early-life adiposity could affect neurodevelopment. We did not measure weight at 2 y, so our measure of childhood weight gain covers weight gain from 1 to 5 y of age, and our findings indicate that greater weight conditioned on height in childhood could be associated with lower IQ. In infancy, we observed that weight gain was positively associated with IQ; however, this beneficial association should of course be weighed against the potential negative associations between rapid weight gain in early infancy and greater risk of obesity and higher blood pressure in childhood that others have observed ([@bib43], [@bib44]). For growth in height, we showed a positive association between increasing height in childhood and IQ, which has also been observed by others ([@bib17], [@bib41], [@bib45], [@bib46]). Some also found that greater length at birth and greater length in infancy were associated with better childhood IQ ([@bib18]). We found a positive association for length at birth only when we did not adjust for birth weight, thus part of the observed effect of birth length could be due to a greater birth weight. A potential mechanism linking childhood height with IQ is suggested to be through greater gray and white matter volumes of the brain, because these have been shown to be positively correlated with both height and IQ in children aged 5--18 y ([@bib47]). Head circumference is shown to be a reliable estimate of brain volume in young children ([@bib48]). Our findings are supported by some, who also observed postnatal growth in head circumference to be more important than prenatal growth in determining childhood IQ ([@bib49]), but not by others, who found growth in head circumference during the first year to be the most important ([@bib19], [@bib20]). Taken together, the existing evidence and our findings suggest that among healthy children born at term, growth is important in relation to childhood IQ. However, the evidence is inconclusive with respect to the relative importance of the different time periods. This might be partly explained by different measuring methods, different time periods, and different sample sizes.

The children in our study population were all living in a high-income country with taxpayer-funded access to health care, and most of them had mothers with above average socio-occupational status. Thus, it is likely that they did not suffer from undernutrition or severe and prolonged infectious diseases affecting growth ([@bib50]). However, we still observed differences in growth that apparently affected childhood IQ; thus other social or biological mechanisms might be present. Insulin-like growth factor I (IGF-I) is a key factor in somatic growth regulation because it mediates the effect of growth hormones and is hypothesized to mediate brain development in children. A positive association has been observed between IGF-I levels and IQ in children aged 7--8 y ([@bib51]). In addition, a twin study suggested that the same genetic factors could affect both growth and IQ ([@bib52]). More research is needed to clarify the mechanisms that could drive these associations in a well-nourished population of children born at term, growing up in a country with a high-quality health care system.

Strengths of our study include the longitudinal design and the ability to include the 3 growth measures, weight, length/height, and head circumference, at all time points. This allowed us to examine if change in growth from birth throughout the first 5 y of life was related to childhood IQ. Also, by separating the different growth measures, we were able to study their independent contribution. We applied a statistical approach that provided insight into potential direct and indirect pathways between prenatal and postnatal growth and childhood IQ. Moreover, the present study is a substudy within the DNBC, which contains extensive information on several potential confounders including breastfeeding ([@bib53]) and maternal socio-occupational status and IQ, which could be strongly associated with offspring IQ and affect growth as well.

Our study also has some limitations that should be addressed. Although growth parameters were measured by health professionals, measurement errors are inevitable, perhaps more for length and head circumference than for weight, and perhaps more for length at birth/infancy than height in childhood. We would expect such measurement errors to be unrelated to the outcome, potentially attenuating the associations. Further, childhood growth was defined as growth from 12 mo to 5 y, which is a long period that could hide important variation, and ≥1 measurements in that period would have provided more detailed information on influence of growth in specific periods of childhood. Despite the fact that women of higher socioeconomic status were overrepresented in the DNBC ([@bib54]), and our study population further was selected on participation in the LDPS, risk of selection bias need not to be a problem if selection was not related to the studied outcome. A previous study on selection bias within the DNBC has shown no or little bias on effect estimates within the cohort after adjustments ([@bib55]). The oversampling in the LDPS of high alcohol intake is expected to reduce the power of the study but need not affect validity. Further, we cannot rule out that the limited power of the study might have caused some false-negative findings, and that multiple testing might have caused some false-positive findings. However, path analysis reduced the risk of false-positive findings compared with running each regression separately. Finally, even though we adjusted for many potential confounders, we cannot rule out unmeasured or residual confounding. Also, we cannot rule out the possibility of reverse causation, because 5-y growth and IQ were measured simultaneously. Greater height and head circumference could have led to better IQ, but better IQ could also have led to greater height and head circumference. It is possible that brain development and function in very early life could determine later growth and nutritional intake.

In conclusion, we observed that in children born at term with free access to health care, growth in utero and up until the age of 5 y was positively associated with childhood IQ. Greater birth size in itself was an indicator of higher IQ, with weight gain as the strongest growth parameter until 12 mo of age. After 12 mo until 5 y of age, growth in height and head circumference were most important. The effect sizes we observed could be important on a population level, and even small changes in a nation\'s IQ have been shown to influence human capital and economic living standards ([@bib56]). Thus, we need strategies promoting optimal growth so that children throughout the world can reach their genetic growth and cognitive potential through optimal nutrition and access to high-quality health care and education.
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